BACKGROUND: Cerebro-facio-thoracic dysplasia (CFTD) is a rare, autosomal recessive disorder characterized by facial dysmorphism, cognitive impairment and distinct skeletal anomalies and has been linked to the TMCO1 defect syndrome. OBJECTIVE: To describe two siblings with features consistent with CFTD with a novel homozygous p.Arg114* pathogenic variant in the TMCO1 gene.
Background
Cerebro-facio-thoracic dysplasia (CFTD) was first described by Pascual-Castroviejo et al. in 1975 in three children with characteristic findings of cognitive impairment, narrow forehead, bushy eyebrows, synophrys, hypertelorism, broad nose, wide philtrum, triangular-shaped mouth, short neck, maxillary hypoplasia, low hairline, brachycephaly and multiple bony abnormalities in the upper thoracic vertebrae and ribs [1] . The authors postulated that CFTD is an autosomal recessive disorder given parental consanguinity in two of the unrelated children. Subsequent authors described additional features of CFTD including: hypoplasia of the corpus callosum and cerebellar vermis [2] , cleft lip and palate and 38
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hypothyroidism [3] , Chiari I malformation [4] , colobomas of the optic nerve, ptosis, small conical teeth, talipes, hypermobility and hypodensity of the grey matter [5] .
With the advent of whole genome sequencing, researchers have now linked CFTD to pathogenic variants in the human transmembrane and coiled-coil domains protein 1 (TMCO1) gene and have concluded that it is synonymous to the TMCO1 defect syndrome [6] . The TMCO1 gene encodes a transcription factor, which is expressed ubiquitously in human and fetal tissue and plays a crucial role in human development. Xin et al. identified a 2 bp homozygous frameshift mutation in exon 2 of TMCO1 (c.139 140delAG/p.Ser47*) as the cause of the TMCO1 defect syndrome in 11 Amish patients in Ohio [7] . These patients' features included craniofacial dysmorphism (brachycephaly, high arched bushy eyebrows, synophrys, long eyelashes, low-set ears, microdontia and gingival fibromatosis), skeletal anomalies of the chest (spinal fusion, rib abnormalities and Sprengel deformity of the scapula) and neurologic findings (intellectual disability, depressed deep tendon reflexes, unstable gait, and a loud, hoarse voice in verbal patients). They also experienced a high incidence of anatomical abnormalities of the genitourinary system, otitis media, sinusitis, and strabismus. Caglayan et al. reported another case of TMCO1 defect syndrome in a male patient, with similar features to the Amish patients and used whole-exome sequencing to identify a homozygous nonsense mutation p.Arg87* in exon 5 of TMCO1 [8] . Likewise, Alanay et al. identified the same homozygous nonsense founder mutation, p.Arg87*, in the TMCO1 in four out of five Turkish families with CFTD [9] .
Here, we report two new patients with cerebro-facio-thoracic dysplasia, identify a novel mutation, use facial recognition analysis to assess the specificity of facial traits for disease recognition and review the literature based on the 19 patients whom up to this date have been confirmed to have mutations in the TMCO1 gene.
Clinical report
Two siblings (currently a 19-year-old male and a 12-year-old female) with similar dysmorphic features have been followed by clinical geneticists at Children's National Health System since age two years and 15 months, respectively. Both patients share low insertion of anterior hairline, optic nerve hypoplasia/atrophy with exotropia, central and axial hypotonia, dysphagia when young, gingival hyperplasia, intellectual disability and autism spectrum disorder with motor stereotypies including frequent rocking and repetitive hand movements. The male sibling also has cleft lip and palate and right clubfoot (repaired), self-mutilation (biting hands and scratching) when young, chronic otitis media and sinusitis, hypertelorism, left hip subluxation, dysmorphic spine and multiple rib abnormalities (fusion of 3rd and 4th ribs, see Fig. 1 ). He is more cognitively impaired than his sister, is non-verbal but can walk. The brother's MRI, completed at 2 years of age, showed moderate atrophy and a normal corpus callosum. The sister has bilateral pes planus, synophrys and can speak in simple sentences, write part of her name and count to 5. The sister's MRI at 13 months showed hypogenesis of the corpus callosum, mild volume loss, small optic nerves, small left olfactory bulb, dysplasia of the hippocampal formations, advanced myelination with bands of relative decreased myelination in the deep white matter.
The parents were born in a small Guatemalan village, but denied consanguinity. The siblings' cousin reportedly has similar phenotypic features and cognitive impairment and is the product of the maternal sister and paternal cousin.
Methods
The siblings have been evaluated by clinical geneticists and multiple other specialists including neurology, orthopedics, physical medicine, ophthalmology, audiology, otolaryngology, craniofacial and cardiology. They underwent extensive metabolic and genetic work-up including karyotype and fragile X testing, comparative genomic hybridization array, MECP2 sequencing, plasma amino acids, urine organic acids, ammonia, lactate, beta-hydroxybutyrate, serum copper and ceruloplasmin, urine qualitative and quantitative glycosaminoglycans, urine oligosaccharide and free glycan analysis, acylcarnitine profile and uric acid levels. After obtaining signed consent from the mother, whole exome sequencing was performed on a commercial basis. Briefly, genomic DNA was extracted and exonic regions plus flanking splice junctions of the genome were sequenced on an Illumina sequencing system with 100bp or greater paired-end reads. These reads were aligned to the human genome build GRCh37/hg19, and analyzed for sequence variants using a custom-developed analysis tool. Sanger sequencing was used to confirm the pathogenic variants identified in the siblings.
We performed facial recognition analysis using the Facial Dysmorphology Novel Analysis (FDNA, Boston MA, USA) technology, which allows for assessment of subtle craniofacial dysmorphic features and facial pattern recognition. The input consisted of 53 facial frontal photos from 50 unaffected controls, as well as photos from one of our patients, and those obtained from prior publications (specifically, 14 patients with confirmed TMCO1 mutations).
A binary comparison was then performed between both groups, and the capacity to distinguish them was assessed by measuring the Area Under the Curve (AUC) of the Receiver Operating Characteristic (ROC) curve, which plots the true positive rate as function of the true negative rate. An AUC of 1 indicates perfect accuracy, while an AUC of 0.5 is the performance obtained by a totally random system (as for example a coin toss). Cross validation was performed by recurrently and randomly splitting the data into training sets, each set contained half of the photos. This random split was repeated 10 times [10] .
Results
The initial metabolic and genetic tests were normal except for mildly elevated uric acid in the sister and the brother with a balanced translocation 46,XY,t(11;15)(p15.1;q22.1). This translocation did not explain his condition because his unaffected mother carried the same translocation while his affected sister did not.
Whole exome sequencing demonstrated a homozygous pathogenic variant in the TMCO1 gene (c.340C>T/p.Arg.114* in exon 3, rs765824628) in the siblings, found in the heterozygous state in the mother. The father is deceased and therefore could not be tested. Data on the coordinates, allele frequency and in silico prediction of this novel variant are found on Table 1 . A composite image of unaffected controls versus that of patients can be found in Fig. 2A, B . Facial recognition analysis allowed for the discrimination of patients with TMCO1 vs controls, with an AUC of 0.999 (100% accuracy, p value 0.000, see Fig. 2C, D) .
Discussion
With advancements in genetics, CFTD has now been linked to TMCO1 defect syndrome. Two siblings with similar phenotypic features and consistent with CFTD were found by whole genome sequencing to have a novel homozygous p.Arg114* pathogenic variant in the TMCO1 gene.
These siblings shared features previously described in other CFTD/TMCO1 defect syndrome patients. Both have severe cognitive impairment, low insertion of anterior hairline, exotropia, feeding difficulties, gingival hyperplasia, central and axial hypotonia, optic nerve atrophy and exotropia. The sister also has synophrys, hypogenesis of the corpus callosum while the brother has rib fusion, cleft lip/palate, self-mutilation and club foot. Both patients have autism spectrum disorder (ASD) with poor eye contact and motor stereotypies. Although ASD has not been previously described in CFTD patients, Pascual-Castroviejo did comment that one of his patients at 7.5 years "showed little interest in toys or in playing with other children. Her speech was still limited to a few words." This patient, in retrospect, may have had ASD.
We performed a review of the literature, focusing on the clinical features of the 17 previous patients reported in the literature that were confirmed to have mutations in the TMCO1 gene, in addition to our two patients (see Table 2 ). As can be seen, the clinical and radiological findings caused by mutations in this gene are quite uniform, and thus the prior practice of separating the 'craniofacial dysmorphism, skeletal anomalies, and mental retardation syndrome" from the "cerebro-facio-thoracic syndrome" is no longer warranted. In fact, the original patient reports of CFTD by Pascual-Castroviejo in 1975 clearly had the same condition, despite the lack of molecular confirmation.
Regarding the molecular characterization of the condition, there have been 3 variants so far reported in this gene, and our novel variant represents only the fourth mutation. It is important to note that all four mutations so far described in the TMCO1 gene have been truncating mutations. Two of the four reported variants represent founder mutations, one in the Amish population, and one in the Turkish population.
Conclusion
We describe a novel homozygous p.Arg114* pathogenic variant in the TMCO1 gene-only the fourth variant reported in this gene-in two siblings with features consistent with CFTD. 
